Defects in He-implanted n-type 6H-SiC samples have been studied with deep-level transient spectroscopy. A deep-level defect was identified by an intensity with a logarithmical dependence on the filling pulse width, which is characteristic of dislocation defects. Combined with information extracted from positron-annihilation spectroscopic measurements, this defect was associated with the defect vacancy bound to a dislocation. Defect levels at 0.38/ 0.44 eV ͑E 1 / E 2 ͒, 0.50, 0.53, and 0.64/ 0.75 eV ͑Z 1 / Z 2 ͒ were also induced by He implantation. Annealing studies on these samples were also performed and the results were compared with those obtained from e − -irradiated ͑0.3 and 1.7 MeV͒ and neutron-irradiated n-type 6H-SiC samples. The E 1 / E 2 and the Z 1 / Z 2 signals found in the He-implanted sample are more thermally stable than those found in the electron-irradiated or the neutron-irradiated samples.
I. INTRODUCTION
Silicon carbide is a wide-band-gap semiconductor suitable for fabricating high-temperature, high-power, and highfrequency electronic devices. 1 As the knowledge of defects in the material is crucial for successful device fabrication, defects in SiC have been extensively studied by various experimental methods such as deep-level transient spectroscopy ͑DLTS͒. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] DLTS is a very useful technique for characterizing the deep-level defects and it has been employed to study deep levels in n-type 6H-SiC induced by electron irradiation, neutron irradiation, proton irradiation, and ion implantation. Deep-level defects such as 0.23 eV ͑ED1͒, 0.36/ 0.44 eV ͑E 1 / E 2 ͒, 0.43-0.46 eV ͑RD5͒, 0.50 eV ͑E i ͒, and 0.62/ 0.68 eV ͑Z 1 / Z 2 ͒ have been identified below the conduction band. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Despite a great deal of effort devoted to understanding these deep-level defects, knowledge of these defects is far from complete and remains controversial.
As reported from different research groups, the type of defects created and their subsequent annealing properties were found to vary from case to case, being dependent on the type of irradiating particles and also on the particle energy. For example, the Z 1 / Z 2 in He-implanted 6H-SiC have been reported to be thermally stable at 1700°C, 2, 4 and in some other studies of electron-irradiated 6H-SiC, they annealed at a relatively low temperature of 900°C. 6, 7 A discrepancy has also been found in the case of E 1 / E 2 , in which the annealing temperature has been reported to be 1400°C ͑Ref. 9͒ and higher than 1700°C. 4 However, it is also worth mentioning that the discrepancy can also be due to the different starting SiC material and different sample pre-or postirradiation treatments. These uncertainties led us to conduct a series of systematic studies of the deep-level defects in a similar n-type 6H-SiC starting material induced by different particle irradiations and also to study their annealing behaviors under similar annealing treatments and measuring processes. We have already reported the DLTS studies performed on electronand neutron-irradiated n-type 6H-SiC samples. 6, 12, 13 In the as-neutron-irradiated sample, Z 1 / Z 2 are the most intense peaks while other signals such as ED1, E 1 / E 2 , and E i ͑or RD5͒ also exist. 12 The E 1 / E 2 signals grow with increasing annealing temperature and after the 900°C annealing, they are the only remaining signals. These E 1 / E 2 peaks finally anneal after the 1400°C annealing. For electron energy E e Ͻ 0.3 MeV, no DLTS signal was found after the irradiation. 13 For irradiation with electrons having energies just above the atomic displacement threshold ͑i.e., E e = 0.3 MeV͒, the most intense DLTS signals are E 1 / E 2 , while ED1 and E i are observed as well. 13 For samples irradiated with high-energy electrons ͑i.e., 1.7 MeV͒, Z 1 / Z 2 and a defect with an activation energy of E C − 0.31 eV were also created. 6, 16 The 0.31-eV deep-level peak overlaps with the
In the present study, with the use of the DLTS technique, a͒ Author to whom correspondence should be addressed; electronic mail: ccling@hku.hk we have studied the deep-level defects in n-type 6H-SiC samples induced by He implantation. The annealing behaviors of these induced defects were also investigated. The properties of the defects found in the present He-implanted samples are compared with those induced by the 0.3-MeV electron irradiation, the 1.7-MeV electron irradiation, and the neutron irradiation. In these studies, all the samples were cut from the wafers manufactured under the same environment and had the same sample treatment and measurement processes.
II. EXPERIMENT
As in our previous studies, [11] [12] [13] 16 the starting material used in the present study was 5-m-thick nitrogen-doped ͑0001͒-oriented epilayer ͑n =1ϫ 10 16 cm −3 ͒ grown on n + -6H -SiC substrate ͑n =8ϫ 10 17 cm −3 ͒ purchased from Cree Research Inc. Ohmic contacts were fabricated on the side of the n + substrate. He implantation was performed with ion energies of 55, 210, 430, 665, and 840 keV ͑each with fluence of 2 ϫ 10 11 cm −2 ͒ so as to produce a box-shaped implanted layer with a depth of ϳ2 m. He implantation was carried out onto the epi side of the samples. We have also performed He implantation with higher dosages on the samples and found the resulting as-implanted samples were not suitable for DLTS measurement because of the high resistivity. After the irradiation processes, Schottky contacts were then made on the epi side by evaporating 0.6-mm-diameter Au dots. The quality of all the samples was ensured by performing I-V and C-V measurements. Each of the annealing steps involved annealing the sample in a flowing Ar atmosphere for 30 min. Unless specified, the DLTS measurements were performed with the reverse bias, the filling pulse width, and the rate window width being equal to 16 V, 1 ms, and 6.82 ms, respectively. The ionization energies and the capture cross sections of the identified defects were found conventionally by the Arrhenius plots.
III. RESULTS AND DISCUSSIONS
The DLTS spectra of the He-implanted sample annealed at different temperatures are shown in Figs. 1͑a͒ and 1͑b͒ . Some major signals, namely, at temperatures of 170-240, ϳ250 and the broad signal at 300-380 K were observed in these He-implanted spectra. We have also measured the DLTS spectrum of the as-grown n-type 6H-SiC sample and no defect signal was observed ͑with DLTS limiting ϳ 10 12 cm −3 ͒. This implies all these DLTS peaks were generated by the He-implantation process.
A. Broad signal at T = 300-380 K 1. Peak at T = 325 K in samples with annealing temperatures below 500°C: Dislocation-related defect A broad signal appeared in the as-implanted sample at T = 300-380 K and from the figure this broad signal seems to consist of at least two peaks, namely, one at ϳ325 K and another at ϳ350 K. After applying the bias to the sample to measure the DLTS spectrum, the 350-K peak disappeared under further measurement ͓as shown in Fig. 1͑a͔͒ . It is also worth mentioning that the present 350-K peak was not found in the first measured DLTS spectrum if the He-implanted sample was preannealed at 200°C. These observations seem to suggest that the 350-K peak anneals at temperatures below the maximum temperature of the DLTS measurement ͑i.e., 400 K͒.
It is interesting to notice that the activation energy of the 325-K peak is dependent on the reverse bias applied in the DLTS measurement. As shown in the Arrhenius plot of Fig.  2 , the activation energy varies from 0.89 to 0.61 eV as the reverse bias changes from −16 to − 2 V, for which a constant value of activation energy would be expected for a common deep-level point defect. Another interesting prop-FIG. 1. DLTS spectra of the He-implanted n-type 6H silicon carbide samples annealed at different temperatures. These spectra were taken with reverse bias, filling pulse width, and rate window width equal to −16 V, 1 ms, and 6.82 ms, respectively. erty is the carrier-capture dynamic of this defect. Figure 3 shows the intensity of this peak as a function of the filling pulse width t p . It is clearly shown that the peak intensity of this defect grows logarithmically with t p for a wide range of t p ͑from 10 −8 to ϳ 10 −2 s͒. For most deep-level point defects, the electron-capture process in the trap-filling period is described by the rate equation
where N f is the concentration of the deep level filled with electron, n is the free-electron density, is the free-electron thermal velocity, is the electron-capture cross section, and N total is the total concentration of the deep level. The filled electron trap density after applying the filling pulse for a period of t p can thus be found by solving the rate equation and the result is given by N f ͑t p ͒ = N total ͑1 − exp͓−nt p ͔͒. This implies that the N f and thus also the DLTS intensity saturate with t p in an exponential way. This is best illustrated by the t p dependence of the neighboring peak at ϳ250 K, as shown in Fig. 3 .
The logarithmic capture rate dependence on t p is a characteristic behavior for a free carrier trapped along a line dislocation. [19] [20] [21] [22] A model involving a barrier-limited capture rate has been derived and has been used to describe the electron-capture process due to extended line defects, in which the trapped electron resided along the line. 19, 20 In this model, the electrons already trapped by the defect present a Coulombic barrier ⌽͑t͒ for trapping further electrons. The concentration of free electrons that have sufficient energy to overcome the barrier is given by n exp͑−q⌽͑t͒ / kT͒. The rate equation for electron capture is thus given by dN f / dt = n n ͑N T − N f ͒exp͑−q⌽͑t͒ / kT͒. The solution of this rate equation describes the filling pulse period dependence of the filled trap states density, i.e., N f ͑t͒ = n n N T ln͑t p / ͒. is the time constant given by = ͑kT / q⌽ eq ͒͑N f,eq / N T ͒͑1/ n n͒, where ⌽ eq and N f,eq are the Coulombic barrier height and the filled trap density at equilibrium, respectively. We thus suggest that the 325-K peak defect is an extended line defect, which is possibly a dislocation. Dislocation defects exhibiting similar logarithmic peak dependence on t p have also been reported in plastically deformed semiconductors ͓e.g., Si ͑Ref. 19͒ and GaAs ͑Ref. 20͔͒, He-implanted GaN, 21 Ni/ 6H -SiC Schottky diodes, 22 and proton-irradiated 4H-SiC. 17 It is also worth to point out that the apparent activation energy extracted from the Arrhenius plot ͑for example, those shown in Fig. 2͒ is indeed the average energy of the filled defect state weighted by the density-of-states distribution, rather than the exact energy required for the carrier to be emitted from the deep level as in the common point defect deep-level picture. From Fig. 1͑a͒ , it is also noticed that this 325-K peak signal is significantly weakened by the 500°C annealing. Dislocation defects in SiC have also been identified and investigated with other methods such as observing the chemically etched pits. [23] [24] [25] [26] With the aim of extracting further information relating to this defect, we have performed positron-annihilation spectroscopic ͑PAS͒ measurements on the samples using a variableenergy positron beam. [27] [28] [29] [30] [31] PAS is a very useful technique in investigating open-volume defects in semiconductors. [27] [28] [29] Positrons implanted into the samples rapidly thermalize and then undergo diffusion. Negatively charged or neutral openvolume defects present a potential well to the diffusing positrons that can trap them into localized defect bound states. The working principle of PAS is that the outgoing 511-keV annihilation gamma photons carry information on the electronic environment at which the positrons annihilate. In the present measurements, the Doppler broadening of the annihilation gamma photon was measured. As the positron is trapped in the open-volume defect, more annihilation events originate from valence electrons relative to core electrons. Because of the relatively lower momentum of valence electrons, positron trapping in open-volume defects results in a less Doppler-broadened annihilation spectrum. The Doppler broadening is usually parametrized by the S parameter, which is a measure of the fraction of positrons annihilating with valence electrons. A higher S-parameter value implies more positrons annihilating at the open-volume defect site. Moreover, the measured positron diffusion length L + also yields useful information. A decrease in L + is also a good indication of positrons getting trapped by defect centers.
We have performed S-parameter measurements on the samples with different positron incident energies so as to obtain the S-parameter depth profile of the sample system. Using the program VEPFIT, 32 we have fitted our data by a model consisting of a box-shaped defective layer induced by He implantation and the nondefective SiC bulk. In the model, positrons implanting into and diffusing in the solid get trapped by different open-volume defects and annihilate at various states. The S parameter and the L + of the defective layer were extracted from the fitting process. The S parameters and the L + 's of the 100 and the 500°C annealed samples were found to be S͑100°C͒ = 0.5228± 0.0003, S͑500°C͒ = 0.5197± 0.0003, L + ͑100°C͒ = 14.2± 1.6 nm, and L + ͑500°C͒ = 16.1± 2.1 nm. This implies that the S parameter drops together with the significant decrease in the dislocation-related DLTS signal, while the positron diffusion length does not undergo any significant change.
Carriers can be trapped into the core of a dislocation or into point defects associated with a dislocation. Dislocations are usually negatively charged or neutral in n-type or undoped semiconductor materials and behave normally as weakly bound positron shallow traps. 33 In the cascade trapping model, this type of shallow trap can act as a precursor FIG. 3 . DLTS intensities of the dislocation defect and the 0.50-eV deep levels as a function of the filling pulse width ͑t p ͒.
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for the vacancy-bound positron state. 33 As the positron weakly bound with the dislocation probes a similar electronic environment to the positron bulk state, the positron annihilating from the dislocation shallow trap would have an S parameter that is indistinguishable from the bulk state. 33 However, the presence of dislocation positron shallow traps would be expected to decrease the positron diffusion. In another way, a positron trapped into the vacancy bound to the dislocation would have a higher S parameter as compared to those from the bulk state or from the dislocation shallow trap state. The drop in the S parameter and the invariance of the L + after 500°C thus indicates that the vacancy-type defect concentration decreases and the dislocation concentration does not change. The significant decrease of the dislocationrelated DLTS signal at 500°C annealing can thus be explained if this signal is related to the defect having the structure of the vacancy bound to the dislocation, and the vacancy is annealed, possibly through migration, at 500°C.
Peak at T = 350 K in samples with annealing temperatures above 700°C: Z 1 /Z 2 defects
In the 700, 900, and 1400°C annealed spectra ͓Fig. 1͑b͔͒, a broad signal is clearly shown at the position close to the previously discussed dislocation-related deep-level peak. However, this peak is definitely not the same dislocationrelated signal because it does not have the characteristic logarithmic t p behavior and saturates with t p ജ 10 s, which is a typical behavior for the point defect center. This broad peak is at a position close to the Z 1 / Z 2 defects previously found in n-type 6H-SiC samples. [3] [4] [5] 7, 8 Although the DLTS spectra in Fig. 1͑b͒ do not have the appearance of a doublet, we have fitted the peak with two Gaussians to the peak observed in the 1200°C annealed sample's spectrum. The activation energies and the capture cross sections of the doublet were found to be E a = 0.64/ 0.75 eV and ϳ 10 −16 /10 −17 cm 2 , respectively. These activation energies are close to those of Z 1 / Z 2 observed in electron-irradiated, proton-irradiated, and He-implanted n-type 6H-SiC samples. 4, 5, 7, 8 The present value of ϳ 10 −16 /10 −17 cm 2 is close to that of the Z 1 / Z 2 reported in electron-irradiated samples, [5] [6] [7] but deviates from that found from proton-irradiated 8 and He-implanted samples 4 ͑ϳ10 −15 cm 2 ͒. The concentration of Z 1 / Z 2 in the present 700°C annealed He-implanted sample was ͑3-8͒ ϫ 10 13 cm −3 . Results of previous annealing studies of the Z 1 / Z 2 defect have been controversial. The DLTS studies of Zhang et al. 2 and Dailbor et al. 4 on He-implanted samples have shown Z 1 / Z 2 persisting after 1700°C annealing. In the studies of Gong et al. 6 and Aboelfotoh and Doyle, 7 the Z 1 / Z 2 defect identified in the 1.7-and the 2-MeV electron-irradiated 6H-SiC annealed at temperatures below 1000°C.
Comparing the annealing results from different literatures is rather difficult as the discrepancy is possibly due to the differences in the starting SiC material, the sample pretreatment processing, the sample post-treatment processing, etc. In order to eliminate these uncertainties, it would thus be interesting to compare the results obtained in the Heimplanted sample to those of the 0.3-MeV electronirradiated, the 1.7-MeV electron-irradiated, and the neutronirradiated n-type 6H-SiC samples, in which all the samples were started from the wafers grown under similar conditions. All the contact preparations and annealing were also conducted in the same manner, and all the samples were measured by the same DLTS system. The properties of the Z 1 / Z 2 found in the He-implanted, electron-irradiated, and neutronirradiated samples are summarized in Table I , in which part of the data have already been published in Refs. 12, 13, and 16. From Table I , it is noticed that all the suspected Z 1 / Z 2 found in samples irradiated by different particles have values of E a and close to those generally accepted for Z 1 / Z 2 . However, their annealing behaviors are quite different. The Z 1 / Z 2 found in the He-implanted sample anneals after 1600°C annealing, but those in the 1.7-MeV electron-and neutron-irradiated samples anneal at 900°C.
It is noticed in Fig. 1͑b͒ that the Z 1 / Z 2 signals found in the present 700 and the 900°C annealed He-implanted samples had similar peak positions, but in the 1200°C annealed sample the peaks shifted to lower temperatures. The Arrhenius plot of the signal peak in the 700 and the 1200°C annealed samples' spectra were thus also plotted in Fig. 2 for comparison ͑assuming the signal as a single peak͒. From the figure, it is clearly shown that the signals from the two samples annealed at 700 and 1200°C have different activation energies ͓E a ͑700°C͒ = 0.65 eV and E a ͑1200°C͒ = 0.74 eV͔ and capture cross sections ͓͑700°C͒ ϳ 10 17 cm 2 and ͑1200°C͒ϳ10 16 cm 2 ͔. The signal observed in the 1200°C annealed sample thus does not originate from the same exact defect ͑or defects͒ as that in the TABLE I. Properties of various deep-level defects induced by different kinds of irradiations. All the samples were cut from the starting wafers fabricated under similar environment and undergone the same sample treatment and measurement processes. 700°C annealed sample. This implies that there is a mechanism occurring in the He-implanted sample, but not in the electron-irradiated samples, which leads to the formation of the new defect ͑or defects͒ in the 1200°C annealed Heimplanted sample DLTS spectrum. The microstructure of the new defect and its relation to the original one observed in the 700°C annealed sample are unknown and thus require further investigations.
B. Peak at T È 250 K
A DLTS peak was observed at T ϳ 250 K in the as-Heimplanted as well as the 200°C annealed He-implanted samples ͓as shown in Fig. 1͑a͔͒ . The Arrhenius plot of this signal is shown in Fig. 4 . Its energy level, capture cross section, and concentration were found to be E C − 0.50 eV, ϳ10 −15 cm 2 , and ͑1-3͒ ϫ 10 14 cm −3 . This signal anneals out after 300°C annealing. Similar deep levels at E C − 0.50 eV having similar annealing behaviors were also identified in our 0.3-MeV electron-irradiated, 1.7-MeV electronirradiated, and neutron-irradiated n-type 6H-SiC samples, and the results were shown in Table I . This deep level has activation energy, capture cross section, and annealing behavior very similar to those of the E i defect previously observed in the electron-irradiated samples. 5 It is interesting to notice after the annealing out of the E C − 0.50-eV peak slightly lower than 250 K, further annealing of the sample at 700°C would yield a DLTS peak again with a position slightly higher than 250 K ͓Fig. 1͑b͔͒. This newly yielded peak finally annealed out again at 1400°C. From its Arrhenius plot shown in Fig. 4 , its activation energy and capture cross section were found to be E C − 0.53 eV and ϳ10 −15 cm 2 , respectively. The activation energy of this newly generated peak is a bit larger than that of the peak at a similar position already annealed out at 300°C ͑i.e., the E i ͒, but their capture cross sections are similar. The thermal stability of this level is more similar to that of RD5 reported by Dalibor et al. 4 in their He-implanted samples, although the activation energy of RD5 is a bit smaller ͓E a ͑RD5͒ = 0.43-0.47 eV͔. The concentration of the 0.53-eV defect in the 700°C annealed sample was found to be ͑2-3͒ ϫ 10 13 cm −3 .
C. The E 1 / E 2 doublet at T = 170-240 K From Fig. 1 , the DLTS signal at T = 170-240 K is negligible in the spectrum of the as-He-implanted sample. Its intensity grows with annealing temperature and reaches a maximum at 1200°C annealing. However, it is worth to point out that the intensity of this signal at its maximum strength ͑i.e., in the 1200°C annealed sample͒ is still smaller than that of the dislocation-related signal found in the as-He-implanted spectrum. Moreover, from the spectrum of the 900, 1200, and 1400°C annealed samples, it is clear that this signal consists of two peaks and their positions are very close to the previously observed E 1 / E 2 defects. The E 1 / E 2 concentration of the 1200°C annealed sample was ͑2-5͒ ϫ 10 14 cm −3 . E 1 / E 2 defects are the dominant deep-level defects created in electron-irradiated 6H-SiC material. [5] [6] [7] 13 In our previous study, 16 it was clearly demonstrated that in Heimplanted and high-energy electron-irradiated ͑1.7 MeV͒ 6H-SiC samples, care has to be taken in analyzing the E 1 / E 2 signals as the E 1 / E 2 peaks merge with another defect signal. This defect has a DLTS peak close to and inseparable from the E 1 / E 2 peaks and it vanishes after the 1000°C annealing. This peak is also the cause of observing different E 1 : E 2 peak intensity ratio in different samples as the expected value is 1:2. The E 1 / E 2 activation energy and capture cross section of the present sample were thus determined from the 1200°C annealed He-implanted sample. From the Arrhenius plot shown in Fig. 2 , the ionization energies and the capture cross sections of the E 1 / E 2 defects are found to be 0.38± 0.04/ 0.44± 0.02 eV and ͑5-9͒ ϫ 10 −14 cm 2 , which are close to the generally accepted values of E 1 / E 2 . The E 1 / E 2 signals observed in the present He-implanted sample persisted at 1400°C annealing and even after 1600°C annealing, E 1 / E 2 signals were still visually detectable ͓see Fig.  1͑b͔͒ .
It is interesting to compare the properties of the E 1 / E 2 found in the present He-implanted sample with those found in the neutron-irradiated and the 0.3-MeV and the 1.7-MeV electron-irradiated samples prepared under similar environments. The results are shown in Table I . It is worth mentioning that for both the 1.7-MeV electron-irradiated and the He-implanted samples, the E a and the values were derived from the data of the 1200°C annealed samples, because of the existence of the overlapping E C − 0.31-eV defect which annealed at ϳ1000°C. 16 From Table I , the values of E a and obtained from all the samples coincide with each other. For the neutron-irradiated and the 0.3-MeV and the 1.7-MeV electron-irradiated samples, E 1 / E 2 anneals at 1200-1400°C. This annealing temperature is similar to those of electron-irradiated n-type 6H-SiC samples reported by other research groups. 9 However, for our He-implanted sample, the E 1 / E 2 signals persist after the 1600°C annealing and this thermal stability also coincides with that observed in the studies of Zhang et al. 2 and Dalibor et al. 4 on He-implanted samples.
It is worth investigating the shape of the E 1 / E 2 doublet signal found in the spectra of the He-implanted samples annealed at different samples. From Fig. 1͑b͒, the doublet significantly changes after the 1200°C annealing as compared to the 900°C spectrum. The E 1 peak is stronger than the E 2 peak in the 900°C annealed spectrum and the E 1 : E 2 ratio changes to the expected value of ϳ0.5 after the 1200°C annealing. This can be explained by the presence of the E C − 0.31-eV defect merging with and being inseparable from the E 1 , which anneals out after the 1200°C annealing. 16 Further annealing the He-implanted sample to 1400°C, which is the annealing temperature of E 1 / E 2 induced by electron or neutron irradiations, would not change the shape of the E 1 / E 2 doublet in the spectrum, the E 1 : E 2 ratio, their capture cross sections, nor the activation energies. This implies in the case of the He-implanted samples, that there is no evidence of defect transformation of E 1 / E 2 or new defect formation upon the 1400°C annealing. It is plausible to suggest in the He-implanted samples that the E 1 / E 2 signals observed in the 1400°C annealed sample originate from the same defects as those in the 1200°C annealed sample. We thus speculate that the superior thermal stability of E 1 / E 2 found in the He-implanted n-type 6H-SiC samples over those generated by electron irradiation is possibly due to the difference of background defects created by Heimplantation and electron irradiation, which interact with the E 1 / E 2 centers in different ways upon annealing.
IV. CONCLUSION
We have performed DLTS studies on the He-implanted n-type 6H-SiC samples. Defect levels at 0.38/ 0.44, 0.50, 0.53, and 0.64/ 0.75 eV below the conduction band and dislocation-related defects have been identified. The microstructure of the dislocation defect was attributed to a vacancy bound to the dislocation. Its intensity significantly dropped after 500°C annealing, possibly as a result of the migration of the vacancy. The 0.38/ 0.44-and the 0.64/ 0.75-eV deep levels had activation energies and capture cross sections close to the previously reported E 1 / E 2 and Z 1 / Z 2 . In the He-implanted samples, the E 1 / E 2 center persisted after 1600°C annealing and the Z 1 / Z 2 center annealed at 1400°C. The thermal stabilities of the E 1 / E 2 and the Z 1 / Z 2 centers found in the He-implanted samples are more stable than those observed in the neutron-or electron-irradiated samples ͑annealed at 1400 and 900°C, respectively͒.
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